Abstract. Based on 3D hydrodynamical model atmospheres computed with the CO 5 BOLD code and 3D non-LTE (NLTE) line formation calculations, we study the effect of the convectioninduced line asymmetry on the derived 6 Li abundance for a range in effective temperature, gravity, and metallicity covering the stars of the Asplund et al. (2006) sample. When the asymmetry effect is taken into account for this sample of stars, the resulting 6 Li/ 7 Li ratios are reduced by about 1.5% on average with respect to the isotopic ratios determined by Asplund et al. (2006) . This purely theoretical correction diminishes the number of significant 6 Li detections from 9 to 4 (2σ criterion), or from 5 to 2 (3σ criterion). In view of this result the existence of a 6 Li plateau appears questionable. A careful reanalysis of individual objects by fitting the observed lithium 6707Å doublet both with 3D NLTE and 1D LTE synthetic line profiles confirms that the inferred 6 Li abundance is systematically lower when using 3D NLTE instead of 1D LTE line fitting. Nevertheless, halo stars with unquestionable 6 Li detection do exist even if analyzed in 3D-NLTE, the most prominent example being HD 84937.
Introduction
The spectroscopic signature of the presence of 6 Li in the atmospheres of metal-poor halo stars is a subtle extra depression in the red wing of the 7 Li doublet, which can only be detected in spectra of the highest quality. Based on high-resolution, high signal-tonoise VLT/UVES spectra of 24 bright metal-poor stars, Asplund et al. (2006) report the detection of 6 Li in nine of these objects. The average 6 Li/ 7 Li isotopic ratio in the nine stars in which 6 Li has been detected is about 4% and is very similar in each of these stars, defining a 6 Li plateau at approximately log n( 6 Li) = 0.85 (on the scale log n(H) = 12). A convincing theoretical explanation of this new 6 Li plateau turned out to be problematic: the high abundances of 6 Li at the lowest metallicities cannot be explained by current models of galactic cosmic-ray production, even if the depletion of 6 Li during the premain-sequence phase is ignored (see reviews by e.g. Christlieb 2008 , Cayrel et al. 2008 , Prantzos 2010 
and references therein).
A possible solution of the so-called 'second Lithium problem' was proposed by Cayrel et al. (2007) , who point out that the intrinsic line asymmetry caused by convection in the photospheres of metal-poor turn-off stars is almost indistinguishable from the asymmetry produced by a weak 6 Li blend on a presumed symmetric 7 Li profile. As a consequence, the derived 6 Li abundance should be significantly reduced when the intrinsic line asymmetry in properly taken into account. Using 3D NLTE line formation calculations based on 3D hydrodynamical model atmospheres computed with the CO 5 BOLD code (Freytag et al. 2002 , Wedemeyer et al. 2004 , see also http://www.astro.uu.se/∼bf/co5bold main.html), 2 M. Steffen et al.
we quantify the theoretical effect of the convection-induced line asymmetry on the resulting 6 Li abundance as a function of effective temperature, gravity, and metallicity, for a parameter range that covers the stars of the Asplund et al. (2006) sample.
A careful reanalysis of individual objects is under way, in which we consider two alternative approaches for fixing the residual line broadening, V BR , the combined effect of macroturbulence (1D only) and instrumental broadening, for given microturbulence (1D only) and rotational velocity: (i) treating V BR as a free parameter when fitting the Li feature, (ii) deriving V BR from additional unblended spectral lines with similar properties as Li I 6707. We show that method (ii) is potentially dangerous, because the inferred broadening parameter shows considerable line-to-line variations, and the resulting 6 Li abundance depends rather sensitively on the adopted value of V BR .
3D hydrodynamical simulations and spectrum synthesis
The hydrodynamical atmospheres used in the present study are part of the CIFIST 3D model atmosphere grid (Ludwig et al. 2009 ). They have been obtained from realistic numerical simulations with the CO 5 BOLD code which solves the time-dependent equations of compressible hydrodynamics in a constant gravity field together with the equations of non-local, frequency-dependent radiative transfer in a Cartesian box representative of a volume located at the stellar surface. The computational domain is periodic in x and y direction, has open top and bottom boundaries, and is resolved by typically 140×140×150 grid cells. The vertical optical depth of the box varies from log τ Ross ≈ −8 (top) to log τ Ross ≈ +7.5 (bottom), and the radiative transfer is solved in 6 or 12 opacity bins. Further information about the models used in the present study is compiled in Table 1. Each of the models is represented by a number of snapshots, indicated in column (6), chosen from the full time sequence of the corresponding simulation.
These representative snapshots are processed by the non-LTE code NLTE3D that solves the statistical equilibrium equations for a 17 level lithium atom with 34 line transitions, fully taking into account the 3D thermal structure of the respective model atmosphere. The photo-ionizing radiation field is computed at 704 frequency points between λ 925 and 32 407Å, using the opacity distribution functions of Castelli & Kurucz (2004) to allow for metallicity-dependent line-blanketing, including the H I-H + and H I-H I quasi-molecular absorption near λ 1400 and 1600Å, respectively. Collisional ionization by neutral hydrogen via the charge transfer reaction H(1s) + Li(nℓ) ↔ Li + (1s 2 ) + H − is treated according to Barklem, et al. (2003) . More details are given in Sbordone et al. (2009) . Finally, 3D NLTE synthetic line profiles of the Li I λ 6707Å doublet are computed with the line formation code Linfor3D (http://www.aip.de/∼mst/linfor3D main.html), using the departure coefficients b i = n i (NLTE)/n i (LTE) provided by NLTE3D for each level i of the lithium model atom as a function of geometrical position within the 3D model atmospheres. As demonstrated in Fig. 1 , 3D NLTE effects are very important for the metal-poor dwarfs considered here: they strongly reduce the height range of line formation such that the 3D NLTE equivalent width is smaller by roughly a factor 2 compared to 3D LTE. Ironically, the line strength predicted by standard 1D mixing-length models in LTE are close to the results obtained from elaborate 3D NLTE calculations. We note that the half-width of the 3D NLTE line profile, FWHM(NLTE) = 8.5 km/s, is larger by about 10%: FWHM(LTE) = 7.7 and 7.5 km/s, respectively, before and after reducing the Li abundance such that 3D LTE and 3D NLTE equivalent widths agree. This is because 3D LTE profile senses the higher photosphere where both thermal and hydrodynamical velocities are lower. However, the NLTE line profile is significantly less asymmetric than the LTE profile, even if the latter is broadened to the same half-width (Fig. 1 , bottom Table 1 . List of models used in the present study. Columns (2)- (6) give effective temperature, surface gravity, metallicity, number of opacity bins used in the radiation hydrodynamics simulation, and number of snapshots selected for spectrum synthesis. The equivalent width of the synthetic 3D non-LTE 7 Li doublet at λ 6707Å, assuming A(Li)=2.2 and no 6 Li, is given in column (7). Columns (8) and (9) show q * a (Li) and q * b (Li), the 6 Li/ 7 Li isotopic ratio inferred from fitting this 3D non-LTE line profile with two different kinds of 1D profiles, in each case assuming a rotational broadening of v sin i = 0.0 / 2.0 km/s, respectively (see text for details). 
6 Li bias due to convective line asymmetry
As outlined above, the 6 Li abundance is systematically overestimated if one ignores the intrinsic asymmetry of the 7 Li line components. To quantify this bias theoretically, we rely on synthetic spectra. The idea is as follows: we represent the observation by the synthetic 3D NLTE line profile of the 7 Li line blend, computed with zero 6 Li content. Except for an optional rotational broadening, the only source of non-thermal line broadening is the 3D hydrodynamical velocity field, which also gives rise to a convective blue-shift and an intrinsic line asymmetry. Now this 3D
7 Li line blend is fitted by 'classical' 1D synthetic line profiles composed of intrinsically symmetric components of 6 Li and 7 Li. Four parameters are varied independently to find the best fit (minimum χ 2 ): in addition to the total 6 Li+ 7 Li abundance, A(Li), and the 6 Li/ 7 Li isotopic ratio, q(Li), which control line strength and line asymmetry, respectively, we also allow for a residual line broadening described by a Gaussian kernel with half-width V BR , and a global line shift, ∆v. Note that the four fitting parameters are non-degenerate, since each one has a distinctly different effect on the line profile. The rotational line broadening is fixed to the value used in the 3D spectrum synthesis (we tried v sin i = 0 and 2 km/s). The value q * (Li) of the best fit is then identified with the correction that has to be subtracted from the 6 Li/ 7 Li isotopic ratio derived from the 1D analysis to correct for the bias introduced by neglecting the 6 Li/ 7 Li isotopic ratio, and ±1σ error bars, as a function of metallicity as derived by Asplund et al. (2006) before (top) and after (bottom) subtraction of q * b (Li) (Table 1, col. (9)) to correct for the bias due to the intrinsic line asymmetry. Open circles denote non-detections, filled circles and filled circles with a black dot denote 6 Li detections above the 2σ and 3σ level, respectively. intrinsic line asymmetry:
The procedure properly accounts for radiative transfer in the lines, including saturation effects.
Two different sets of 1D profiles were used for this purpose: (a) NLTE line profiles based on the 3D model, constructed by averaging the 3D model on surfaces of constant optical depth, and (b) LTE line profiles computed from a so-called LHD model, a 1D mixing-length model atmosphere that has the same stellar parameters and uses the same microphysics and radiative transfer scheme as the corresponding 3D model. For both kind of 1D models, the microturbulence was fixed at ξ mic = 1.5 km/s. The mixing length parameter adopted for the LHD models is α MLT = 0.5.
We have determined q * (Li) according to the method outlined above for our grid of 3D model atmospheres. The results are given in Table 1 , both for fitting with the 3D NLTE profiles (q * a (Li), col. (8)) and with the 1D LTE profiles of the LHD models (q * b (Li), col. (9)). At given metallicity, the corrections are largest for low gravity and high effective temperature. They increase towards higher metallicity. We also note that q * (Li) is essentially insensitive to the choice of the rotational broadening.
The analysis of Asplund et al. (2006) utilizes 1D LTE profiles computed from MARCS model atmospheres. Hence, the correction q * b (Li), computed with the 1D LTE profiles of the 1D LHD models, should be applied to their 6 Li/ 7 Li isotopic ratios. The resulting downward corrections are typically in the range 1% < q * b (Li) < 2% for the stars of their sample (cf. Steffen et al. 2010, Fig. 2) . After subtracting the individual q * b (Li) for each of these stars, according to their T eff , log g, and [Fe/H], the mean 6 Li/ 7 Li isotopic ratio of the sample is reduced from 0.0212 to 0.0056, as illustrated in Fig. 2 . Given the 6 Li/ 7 Li isotopic ratios and their 1σ error bars as determined by Asplund et al. (2006) , the number of stars with a 6 Li detection above the 2σ and 3σ level is 9 and 5, respectively, out of 24. After correction, the number of 2σ and 3σ detections is reduced to 4 and 2, respectively. One of the stars meeting the 3σ criterion after correction, HD 106038, survives only because of its particularly small error bar of ±0.006. The other one is G020-024, which shows the clearest evidence for the presence of 6 Li (q(Li) = 0.052 ± 0.017), while HD 102200 remains the only clear 2σ detection (q(Li) = 0.033 ± 0.013). The spectra of these stars should be reanalyzed with 3D NLTE line profiles.
Analysis of observed spectra: 3D NLTE versus 1D LTE line fitting
As a further exercise, we have fitted the observed Li I λ 6707Å spectra of three halo turn-off stars (see Table 2 ), both with 3D NLTE and 1D LTE synthetic line profiles. Since the parameters of these three stars are very similar, the synthetic spectra were computed in all cases from hydrodynamical model d3t6300g40mm20n01 (see Table 1 ) and the corresponding 1D LHD model. The standard approach is to vary the four parameters A(Li), q(Li), V BR , and ∆v to find the optimum line profile fit, as described above (method I). The results are presented in Table 3 . As expected, the 3D analysis yields lower 6 Li/ 7 Li isotopic ratios by about 1.7%. The numbers differ slightly from those given by Steffen et al. 2010 due to an upgrade of the line fitting procedure, but the conclusions remain unchanged: HD 74000 and G271−162 are considered non-detections, while HD 84937 remains a clear 6 Li detection with q (3D−NLTE) (Li) ≈ 5%. For completeness, Table 3 also shows the results of fitting the observed lines with 3D LTE synthetic profiles (not recommended). The 6 Li abundances obtained in this way lie between the 3D NLTE and the 1D LTE results. It is not obvious why fitting with the more asymmetric 3D LTE profiles gives higher 6 Li than fitting with the slightly more symmetric 3D NLTE profiles, but this is a robust result.
For HD 74000, we also tried an alternative approach (method II), where V BR is deter- GECKO Cayrel et al. 1999 
